Abstract Studies of lung diseases in vitro often rely on flat, plastic-based monocultures, due to short lifespan of primary cells, complicated anatomy, lack of explants, etc. We hereby present a native 3D model with cues for repopulating epithelial cells. Abilities of mesenchymal stem cells (MSC) to modulate bacterial lipopolysaccharide (LPS) and cigarette smoke-induced injury to pulmonary epithelium were tested in our model. Post-mortem human lung tissue was sliced, cut and decellularized. Resulting matrix pads were reseeded with pulmonary epithelium (A549 line). Markers of the layer integrity and certain secreted proteins in the presence of cigarette smoke extract (CSE) and LPS were assessed via Western blot, ELISA and RT-PCR assays. In parallel, the effects of MSC paracrine factors on exposed epithelial cells were also investigated at gene and protein levels. When cultured on native 3D matrix, A549 cells obtain dual, type I-and II-like morphology. Exposure to CSE and LPS leads to downregulation of several epithelial proteins and suppressed proliferation rate. MSC medium added to the model restores proliferation rate and some of the epithelial proteins, i.e. e-cadherin and beta-catenin. CSE also increases secretion of proinflammatory cytokines by epithelial cells and upregulates transcription factor NFjB. Some of these effects might be counteracted by MSC in our model. We introduce repopulated decellularized lung matrix that highly resembles in vivo situation and is convenient for studies of disease pathogenesis, cytotoxicology and for exploring therapeutic strategies in the human lung context in vitro. MSC paracrine products have produced protecting effects in our model.
Introduction
Destructive chronic lung diseases cause an increasing burden for the health of modern humans and the healthcare sector in general. Despite all efforts from the scientific community and health care providers, mortality and morbidity from chronic obstructive pulmonary disease (COPD) and similar diseases constantly grows (Lopez et al. 2006 ). COPD, a major Ieva Bruzauskaite and Jovile Raudoniute have contributed equally to this work.
cause of death and morbidity worldwide, is characterized by expiratory airflow limitation that is not fully reversible, deregulated chronic inflammation and emphysematous destruction of the lungs. Conventional COPD therapies remain palliative and regenerative approaches for disease management are not available yet. COPD pathogenetic mechanisms are constantly revisited and now include some novel aspects, e.g. shifts in lung microflora (Sze et al. 2012) , autoimmune component of the disease (Cosio et al. 2002) and other than cigarette smoke environmental risk factors, that include indoor and outdoor air pollution, dust and fumes (Forbes et al. 2009; Hopkinson and Polkey 2015) . Scientific community still lacks a holistic understanding of COPD development and only several mechanisms are well described and generally recognized, i.e. unregulated inflammation, proteolysis/antiproteolysis imbalance and destroyed repair mechanisms, while novel topics, like deviated microbiota, air pollutants-related damage and autoimmune process within the lung tissue, are only gaining attention. Considerable influx of new data from the clinic, in vivo and in vitro studies stimulate to search for concise understanding of COPD nowadays.
Tools to study diseases of lung parenchyma, like emphysema in COPD, in vitro are limited due to complex architecture and functional properties of the alveolar tissue. Several experimental possibilities exist, such as conventional flat cultures of lung epithelium, pulmonary cell cultures on synthetic matrices and native matrix-based models (Mahadeva and Shapiro 2002; Sakagami 2006; Krimmer and Oliver 2011; Ojo et al. 2014b) . In vivo strategies for bioartificial lung creation and transplantation are explored and require engineering of viable lung architecture with ventilation, perfusion and gas exchange function. Successful attempts are reported, including perfusion of the bioartificial lung by the recipient's blood and air, and also provision of gas exchange after the transplantation in vivo (Ott et al. 2010) . In addition, suitability of decellularized lung matrix fragments for repopulation with various cells, including mesenchymal stem cells, lung fibroblasts and lung epithelial cells, was recently demonstrated (O'Neill et al. 2013 ). In the other study, the repopulation of the whole rat lung with pulmonary epithelial cells revealed that hierarchical cellular organization and efficient repopulation of matrix might be achieved in vitro (Petersen et al. 2010) . Moreover, in the elegant work of Wagner and co-workers post-mortem human lung tissue from normal but not COPD subjects was shown to support growth of human bronchial epithelial cells, endothelial progenitor cells, mesenchymal stem cells and lung fibroblasts. Authors suggest that altered 3D environment might be the reason for the impaired cell proliferation on COPD lung matrix (Wagner et al. 2014) . Several innovative lung tissue models are also proposed, i.e. ''lung-on-chip'' and microfluidic systems (Huh et al. 2010) . These systems are particularly suited for precise detection of the interaction between the cell and inhaled particles, various drugs action studies and gas exchange-related tests. However, they are not well suited to accommodate spatial and chemical composition that is crucial for the survival and function of progenitor cells. Several attempts to replace the lung matrix with simplified collagen scaffolds, acellular matrices of lung-unrelated materials and similar experiments are reported with controversial results (Sueblinvong and Weiss 2010) . Addressing all these issues comprises the major challenge for the creation of functional human lung tissue model in vitro.
The most important features of new lung model would be its flexibility and complexity, i.e. the ability to cultivate various types of lung cells and easy access and test of cellular and sub-cellular components under various experimental conditions. Additionally, an ideal in vitro model of lung alveolar tissue would allow precise, local and continuous assessment of extracellular matrix and cells, levels of inflammatory activity, proteolysis balance and intracellular signaling events. The idea of our study is to design native and relevant 3D lung model from post-mortem decellularized (DCL) lung tissue and evaluate growth and survival of human lung epithelial cells (line A549) in various COPD-related experimental designs. A549 in our model represent type II epithelial cells that are known as self renewing in culture and able to differentiate into alveolar-like structures ''alveospheres'' containing type II and type I epithelial cells (Barkauskas et al. 2013) .
We have also investigated paracrine effects of human mesenchymal stem cells (MSC) in the protection of lung epithelial cells in our model. In the context of alveolar tissue MSC have been shown to contribute to lung regeneration in numerous experimental settings, including homing and attenuation of endotoxininduced acute lung injury (Gupta et al. 2007; Lee et al. 2009 ). Promising potential of MSC has been studied in several ways and detectable therapeutic benefits were often attributed to paracrine mechanisms, since engraftment was low (van Haaften et al. 2009 ). Moreover, this and other studies show that MSCsecreted products reduce structural lung cells apoptosis, accelerate healing and enhance endothelial functions (van Haaften et al. 2009; Chen et al. 2010) . MSC reparative function was already tested in humans in a clinical trial involving systemic administration of MSC for COPD patients (Weiss et al. 2013 ). However, no clinical improvement was detected and MSC-based regenerative strategies still need to be validated.
Materials and methods

Chemicals and cell lines
Post-mortem lung tissue samples (redundant from pathological studies) were obtained from the Department of Pathology, Vilnius Clinical Hospital (Lithuania) and stored at -20°C. The procedure was approved by the Lithuanian Bioethics Committee (Approval #158200-14-740-265). Donors without the diagnosis of pulmonary pathology and obvious disease signs in the lungs were chosen.
Human MSC were isolated and expanded from bone marrow aspirates following the described protocol (approved by the Lithuanian Bioethics Committee, #158200-14-741-257, informed consent collected) with some modifications (23). Briefly, bone marrow aspirate was seeded in DMEM supplemented with 10 % fetal bovine serum (FBS) and 100 U/ml penicillin-streptomycin (PS) (all from Biochrom, Berlin, Germany) without prior gradient centrifugation. Cells employed for the experiments were derived from 28-year old female donor undergoing orthopedic surgery. Cells of 2nd-3rd passage were used. MSC were cultured to confluence and medium was collected 24 h after cell growth in fresh medium. Medium was diluted (1:1) with epithelial cell culture medium prior to application. In some experiments MSC were cultured on the membrane of inserts with pore size 0.4 lm.
Human cell line A549 was purchased from ATCC (Rockville, MD, USA) and expanded in F-12 K medium (Thermo Scientific, Waltham, MA, USA) supplemented with 10 % FBS and antibiotics.
All cell cultures were maintained in serum-free medium for 12 h prior to and during the experiments.
Reagent 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) was from AppliChem (Maryland Heights, MO, USA). Bradford protein assay, protein standards, electrophoresis gels were purchased from Bio-Rad (Hercules, CA, USA). Cigarette smoke extract (CSE) was provided by Murty Pharmaceuticals (Lexington, KY, USA). DNase I, LPS, RIPA, Laemmli buffers were from Sigma-Aldrich (St. Louis, MO, USA); RNase was from Genaxxon (Ulm, Germany); Western blot membrane-from Roche (Mannheim, Germany).
Preparation of native matrix model
A model was developed by slicing and cutting (hand driven blades) frozen post-mortem human lung tissue into discs of desired size (according to multi-dish well size). Tissue without obvious bronchial, vascular and other macro elements was chosen for slicing. First, frozen tissue was sliced into approximately 0.5 mm thick slices, then cut into round-shaped discs and thoroughly washed with deionized water and subjected to the treatment with CHAPS buffer (8 mM CHAPS, 1 M NaCl, 25 mM EDTA in PBS, 2 % PS) for 24 h, washed again and incubated for 1 h with SDS buffer (1.8 mM SDS, 1 M NaCl, and 25 mM EDTA in PBS with 2 % PS). Incubation with nucleases (DNase I and RNase A) for another hour was followed by 6 washes to completely remove the detergents and enzymes. Remaining RNA was extracted with QIAzol buffer (Qiagen, Hilden, Germany), DNA-using the PureLink Genomic DNA Mini Kit (Invitrogen, Carlsbad, CA, USA) according to manufacturer's protocols. DNA and RNA were quantified and qualified with the NanoPhotometer TM Pearl (Implen, Munich, Germany).
The decellularized matrix was afterwards repopulated with alveolar epithelium cells (A549 line). Matrices were equilibrated in the cell culture medium prior to cell seeding (2 h). To repopulate 1 cm 2 of the matrix, 1 9 10 6 cells were resuspended in 300 lL of medium. Suspension was added to the matrix (in lowadherence plates, Nunc TM , Roskilde, Denmark) and incubated for 30 min at 37°C allowing the cells to settle into the scaffold. Recellularized slices were then submerged in tissue culture medium and incubated further.
Cell proliferation and viability assays A549 cells seeded on native matrix were exposed to soluble CSE (0.1 %) and LPS (0.1 lg/ml) and compared to control cells. The CCK-8 (Dojindo Molecular Technologies, Rockville, MD, USA) assay was used to measure proliferation in our model according to the manufacturer's instructions. Every 24 h cells were exposed to fresh CCK-8 reagent with subsequent incubation for 3 h and absorption was measured at 450 nm. Proliferation rate was measured for 4 or 5 consecutive days. In parallel, proliferation of cells cultured on 2D conventional plastic surface was tested. Proliferation rate in 2D and 3D cultures was compared in CSE-, LPS-exposed and control cells.
Histology and immunohistochemistry
Immunohistochemical assays were performed on formalin-fixed paraffin-embedded lung tissue sections. Paraffin-embedded specimens were cut into 2 lm sections and processed in DAKO autostainer Plus System (Glostrup, Danemark) further. Following primary mouse monoclonal anti-human antibodies were used: anti-surfactant protein (SP)-A, 1:100; antib-catenin, 1:100; anti-thyroid transcription factor-1 (TTF-1), 1:250 (all from Leica, Wetzlar, Germany); anti-E-cadherin, 1:50; anti-cytokeratin 7, 1:400; antipancytokeratin, 1:250 (all from DAKO) and antiForkhead box P3 (FOXP3), 1:100 (Abcam, Cambridge, UK). Lung tissue elastin fibers were stained with Verhoeff's stain according to the routine histological protocol. Elastin makes complex with an ironhematoxylin and remains stained blue-back to black, while remaining tissue elements are decolorized.
Electrophoresis and Western blotting
Reseeded native lung matrix was lysed in RIPA buffer and protein concentration was determined by Bradford assay. Lysates were subjected to the electrophoresis and blotted using a BioRad system. Primary antibodies to e-cadherin, Forkhead box protein A1 (FOXA1), beta-actin (all from Abcam) and b-catenin (Invitrogen) at 1:1000 dilutions were used. Bands were visualized by the incubation with appropriate secondary antibodies (1:2000) and chemoluminescence substrate (Thermo Scientific).
Cytokine release assay and transcription factor NFjB
Relative expression levels of 102 human soluble proteins were determined using the Proteome Profiler Human XL Cytokine Array (R&D Systems, Wiesbaden, Germany) containing capture antibodies spotted in duplicate on nitrocellulose membranes. The spot intensities were evaluated by densitometry using software GelQuantNET. Analytes tested with this array and their coordinates are listed in the Table 1 .
Levels of NFjB p65 in whole cell lysates were detected by ELISA-type assay according to the manufacturer's instructions (ThermoScientific/Pierce). Briefly, NFjB p65 proteins in the lysates were hybridized to the NFjB consensus sequence bound on the bottom of the wells and subsequently detected by the primary and secondary antibodies.
Gene expression studies
Tissue was flash-frozen in liquid nitrogen, homogenized, suspended in QIAzol buffer (Qiagen, Hilden, Germany) and RNA extracted according to the manufacturer's protocol. RNA was subsequently purified with RNeasy Mini Spin columns (Qiagen) and measured by the NanoPhotometer TM Pearl (Implen).
RNA samples were treated with DNase I (Thermo Fisher Scientific) according to the manufacturer's protocol and reverse-transcribed to cDNA with the Maxima Ò First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). PCRs were performed using Maxima Ò Probe qPCR Master Mix (2X) (Fermentas, Vilnius, Lithuania) and Stratagene MX-3005P detection instrument (Agilent Technologies, Waldbronn, Germany). The TaqMan Ò Gene Expression Assays (Applied Biosystems, Darmstadt, Germany) for 9 genes were used for gene expression analysis ( Table 2 ). The PCR reactions were run in triplicate. Three reference genes were used in the experiments, i.e. beta-2-microglobulin (B2M), beta actin (ACTB) and ribosomal protein S9 (RPS9). RPS9 was selected for normalization.
Statistical analysis
Statistical analysis was performed using of Sigma software (SigmaPlot, 2004, version 9 .0). The D17, D18  IL-1β  I3, I4  SHBG  D19, D20  IL-1ra  I5, I6  ST2  D21, D22  IL-2  I7, I8  TARC  D23, D24  IL-3  I9, I10  TFF3   E1, E2  IL-4  I11, I12  TfR  E3, E4  IL-5  I13, I14  TGF-α  E5, E6  IL-6  I15, I16  Thrombospondin-1  E7, E8  IL-8  I17, I18  TNF-alpha  E9, E10  IL-10  I19, I20  uPAR  E11, E12 IL 
Results
Lung tissue model preparation
We have established a valid and simple method to reuse post-mortem or post-surgery lung tissue and employ it as a scaffold/matrix for cell cultures when the decellularisation procedure of the whole organ is complicated or impossible due to non functional vascular or airway system necessary for the perfusion with DCL solutions. Steps of preparation of native matrix model are visually presented in Fig. 1 and described in Materials and Methods section. Briefly, post mortem lung tissue (fragments) has been taken by pathologists during 12 h after the death, frozen at -20°C and transported to the laboratory. Upon arrival frozen tissue (Fig. 1a) was cut into approximately 1 cm 3 pieces and sliced into approximately 0.5 mm thick slices by hand-driven blades (Fig. 1b) .
Subsequently, circular disks were cut and subjected to the decellularisation procedure (Fig. 1c, arrow) . The final preparation of lung tissue-derived matrix was employed for further experiments (Fig. 1d) after the equilibration in the cell culture medium for 2 h. Possibility to mount DCL lung matrix pad on CellCrown Ò was also tested (Fig. 1d) .
Quality of decellularisation
In this study we have adopted a mild decellularisation procedure that includes important step of treatment with DNA and RNA degrading enzymes, i.e. nucleases (DNase and RNase). The quality of decellularisation process was confirmed by few different methods. The absence of donor lung cells in DCL tissue matrix was demonstrated by the eosin/hematoxylin staining (Fig. 2a) . In parallel, the residual amounts of DNA and RNA were investigated prior and after the decellularisation. Our data show that decellularisation of lung tissue by CHAPS and SDS has not sufficiently removed genetic material of the donor cells (LCS treatment group in Fig. 2b) , whereas the addition of DNA nuclease was more efficient (LCSD treatment group). The most effective removal of nucleic acids was observed after the treatment with CHAPS, SDS, DNase and RNase (LCSDR treatment group). On the other hand, harsh decellularisation could damage lung matrix structure and content, and affect subsequent attachment of repopulating cells. Therefore we have investigated a presence of elastin before and after the decellularisation. As presented in Fig. 2c , elastin is adequately preserved after our DCL procedure.
Repopulation of lung tissue matrix with A549 cells
After matrix preparation and equilibration with cell culture medium, A549 cells were seeded into the matrix and their presence was assessed and confirmed by the eosin/hematoxylin staining after 4 days in culture (Fig. 3a) . Dark blue nuclei and cellular structures show the presence of newly seeded A549 cells. However, proliferation rate of A549 cell on the DCL lung matrix compared to the growth in conventional 2D conditions was slightly lower (Fig. 3b) . This might be explained by the additional time required for the cells to penetrate and attach to the scaffold, and/or by partial differentiation of type II cells (initial A549 cells) into the type I cells as pointed by arrow in the Fig. 3a . The data presented in Fig. 3c show that A549 cells grown on the native 
Reactivity of pulmonary epithelium to the toxic exposures
Survival of A549 cells under exposure to bacterial LPS and CSE and the possible protective role of MSC secreted products were investigated next. Data in Fig. 4a and 4b show that proliferation of A549 cells starts to decrease on the third day of exposure to CSE treatment in 3D cultures. The decrease was statistically significant when compared to control cells or to CSE and MSC medium treated cells. However, this decrease was more pronounced in 3D cultures but not in conventional flat cultures, suggesting that 3D-cultured cells have not only obtained less proliferative phenotype but also remained more susceptible to the certain damaging factors. Other treatment groups exhibited no significant shifts of cell proliferation. We have further investigated the mRNA levels of functional epithelial proteins, i.e. transportation related protein caveolin-1 and tight junction proteins occludin and claudin1 (Fig. 4c) . Our findings show that expression of all three proteins mentioned above was downregulated after exposure to LPS and CSE, with most prominent suppressive effect of CSE on caveolin-1. On the protein level, the exposure of A549 cells to CSE and LPS has led to dowregulation of e-cadherin and beta-catenin (Fig. 4d) . When MSC-secreted products were added to the model, levels of e-cadherin and beta-catenin were restored and even up-regulated (Fig. 4d) . However, the expression of FOXA1, lung epithelium maturation-related transcription factor, was strongly downregulated by CSE but not LPS exposure, revealing different molecular mechanisms behind these two exposure models. Reparatory effect of MSC medium on the CSE-induced dowregulation of FOXA-1 was negligible (Fig. 4d) .
Effects of MSC on pro-inflammatory activation of pulmonary epithelium
Previous experiments demonstrate that CSE-induced toxic effect might be different and stronger than that of LPS. Therefore, to examine the impact of CSE (0.1 %, 18 h) in more details, the semi-quantitative assessment of 102 soluble proteins was performed (Fig. 5a) . We have found that exposure of A549 cells to CSE augments secretion of inflammation-associated factors MMP-9, chemokine GROa and LPS binding receptor CD14 (Fig. 5b) . In addition, exposure of A549 cells to CSE has elevated the extracellular level of cystatin C, the main inhibitor of cysteine proteases, and chemoattractant for Th2 cells-TARC. The activation of vitamin D binding protein was very low. The indirect simultaneous co-cultivation of CSE-exposed epithelial cells with MSC has normalized levels of cystatin C and CD14. MSC medium has also downregulated these factors when applied to unexposed cells. No significant effects of MSC medium on the expression of remaining pro-inflammatory proteins were detected.
Levels of NFjB p65 protein, an inflammationrelated transcription factor, were significantly upregulated by CSE and LPS (Fig. 5c ). The addition of MSC medium simultaneously with LPS has normalized level of NFjB p65, while in the case of CSE it b Fig. 2 Decellularisation quality assessment. a Cellular content in lung matrix was tested prior and after the decellularisation by eosin/hematoxylin staining, left and right panel, respectively; b DNA (left panel) and RNA (right panel) content in differently decellularized lung tissue are presented. L-ctr-untreated lung sample; LCS-lung tissue treated with CHAPS and SDS; LCSD-lung tissue treated with CHAPS, SDS and DNase; LCSDR-lung sample treated with CHAPS, SDS, DNase and RNase. Expression of housekeeping genes (lower panel): ACTB denotes b-actin, RPLP0-Ribosomal Protein, Large, P0. Both are housekeeping genes although RPLP0 is, perhaps, not suited for our model. *Significance of p \ 0.05; c Estimation of elastin content in the native lung matrix detected by Verhoeff's elastin staining before and after decellularisation. Scale bar-100 lm was only slightly down-regulated. Thus, the mechanism of CSE-induced inflammation and injury might be different compared to the LPS. This finding correlates with the viability shifts (Fig. 4a) and changes in the level of transcription factor FOXA1 (Fig. 4d ).
Discussion
Our native matrix model enabling convenient cytotoxicity tests, screening for treatment strategies, individual disease modeling and other experimental studies in the context of real human lung is presented herein. The architecture and the microenvironment of the model highly resembles lung situation in vivo. We have investigated a suitability of thin, mild detergent treated post mortem lung sections with minimized loss of extracellular component elastin for the further repopulation and tissue modeling. Recently, a similar study reported that decellularisation of rat lung tissue can remove over 98 % of intracellular donor proteins retaining the highest amount of extracellular matrix comprising proteoglycans and glycoproteins (Hill et al. 2015) . The decellularized human lung tissue matrix in our study was reseeded with human lung epithelial type II cells (A549) for the investigation of toxic COPD-related irritants, i.e. bacterial LPS and cigarette smoke extract. Protective capabilities of MSC secreted products were tested as well. Lung tissue model presented here is indispensible when only fragments of tissue are available and the whole organ decellularisation becomes impossible. Utilization of such in vitro lung tissue spans from toxicology studies to screening and testing of novel therapeutics. When possible, whole lungs of human-, mouse-or rat-origin are processed and employed for similar applications (Ott et al. 2010; Krimmer and Oliver 2011; Mishra et al. 2012; Booth et al. 2012; Ojo et al. 2014a ). Recently, it was shown that fragmented human and porcine lung tissue can be decellularized by CHAPS and SDS without perfusion and applied as biological scaffold for lung tissue engineering (O'Neill et al. 2013 ). In the current study we have added DNase and RNase treatment step. According to our data detergent treatment would leave matrix contaminated with detectable and transcribable donor genetic information with subsequent biologic effects. Taken together we demonstrate that human lung tissue matrix decellularized by CHAPS and SDS with the addition of both nucleases contains significantly lower amounts of donor DNA and RNA, comparable elastin content and serves well for the reseeding and variety of further assays in vitro.
Many cell types were used by different research groups for reseeding of lung matrices. Structural lung cells, induced pluripotent stem cells, MSC, transduced type I pulmonary cells and other cell types are currently listed in several publications with varying success (Swain et al. 2010; Huh et al. 2010; Ojo et al. 2014b) . We have employed the most widely used alveolar epithelium cell line A549 that represents important features of type II alveolar epithelium and is used by the majority of researchers worldwide. It appears that A549 cells may actually possess natural capabilities of type II cells that are activated by matrix cues. This is in corroboration with other reports showing that type II epithelial cells serve as progenitors and are able to convert to type I respiratory cells and repair damaged alveolar epithelium in the case of injury or during lung development (Barkauskas et al. 2013) . Similarly, the ability of A549 cells to spontaneously differentiate into type I cells and obtain their differential properties, like expression of TTF-1 and enlarged flat phenotype, over the time has been reported previously (Khubchandani and Snyder 2001; Swain et al. 2010; Zu et al. 2012 ) and further supports our results.
The effects of CSE and LPS on the A549 cells are studied for quite some time now (Leanderson and b Fig. 3 Growth of A549 cells on native lung matrix. Fig. 4 CSE and LPS effects on epithelium integrity-related proteins. a Proliferation rate (assessed by means of CCK-8 assay) of 3D matrix-cultured A549 cells exposed to CSE (0.1 %) and LPS (0.1 lg/ml) for 5 days. Data are presented as mean ± SD, *p \ 0.05 in comparison to control and CSE ? MSC exposed cells; b Proliferation rate of A549 cells (flat, plastic-based cultures) exposed to CSE (0.1 %) and LPS (0.1 lg/ml) for 5 days. Data are presented as mean ± SD. c Changes of mRNA levels of surfactant protein B (SFTPB), occludin (OCLN), claudin-1 (CLDN1) and caveolin (CAV1) as estimated by RT-PCR after the exposures to CSE (0.1 %) and LPS (0.1 lg/ml) and MSC conditioned media for 18 h. PCRs were performed using TaqMan Ò Gene Expression Assays (genes are listed in the Table 2 ). Reference gene-ribosomal protein S9 (RPS9). Paired t test assay on DCt values was used to confirm statistical significance. Results are representative of at least 3 independent experiments. *p \ 0.05; d Expression of e-cadherin, beta-catenin and FOXA-1 proteins detected by Western blotting. Beta-actin was tested in parallel as a loading control. CSE, LPS and MSC conditioned medium was added where indicated. Representative protein expression from 3 independent experiments is shown Tagesson 1992; Lannan et al. 1994; Wollmer and Evander 1994; Hoshino et al. 2001; Victoni et al. 2014) . They include down-regulated proliferation, impaired cell attachment, DNA damage and suppressed levels of surfactant proteins. Similarly, LPS and CSE exposure also suppresses cell proliferation and levels of beta-catenin protein, e-cadherin protein and caveolin-1 mRNA in our native matrix model. In corroboration, recent studies also show that besides the regulation of barrier functions, tight junctions are important for cell cycle, cell migration, proliferation and regeneration (Kasper et al. 1995; Phillips et al. 2008; Flozak et al. 2010; Shiozaki et al. 2012 ). In addition, MSC exhibited ability to modulate tight junctions-associated proteins e-cadherin and betacatenin when added together with CSE and LPS in our model. Recently, similar MSC effects were demonstrated on cystic fibrosis epithelium (Carbone et al. 2014) .
Cytotoxic effects of LPS and CSE in our model include not only diminished cell proliferation capacity and levels of epithelial tight junction proteins, but also inflammatory activation that is partially restored by MSC. We have detected several proinflammatory proteins peeking up in the array from CSE-exposed epithelial cells with the strong up-regulation of MMP-9, cystatin C and GROa and mildly elevated vitamin D BP, TARC and CD14 levels. However, we have not detected any significant increase of commonly reported pro-inflammatory cytokines, like IL-6, IL-1b, IL-8, and TNFa suggesting that CSEinduced toxic effects might differ due to cell culture environment, dose and exposure model chosen. However, some sole analytes, e.g. MMP-9, and their up-regulation reflects similar tendencies reported by other authors (Braber et al. 2011; Overbeek et al. 2013) . In general, expression of MMPs in lung tissue is described as a characteristic of tissue remodeling associated with various biological processes, such as development, inflammation, migration of cells, wound repair and other (Legrand et al. 1999; Itoh et al. 2002; Barnes et al. 2003; Wolf et al. 2003; Greenlee et al. 2007; Crosby and Waters 2010) . Secretion of pro-inflammatory chemokine GROa was increased by CSE in our native matrix model in contrast to some other reports (Victoni et al. 2014) suggesting that study model and matrix origin might be important. Moreover, differential secretion of several other cytokines reported by Victoni et al. (2014) suggested that results from flat cultures and 3D native or synthetic cultures should always be weighted and compared cautiously. This is further supported by our results on cell proliferation, where 3D cultures were more susceptible to CSE toxicity than flat cultures. In corroboration with other studies, the up-regulated secretion of soluble CD14 by CSE was detected in our model (Tsutsumi-Ishii and Nagaoka 2003) . CD14 is a known activator of inflammation in epithelial cells (Frey et al. 1992; Hailman et al. 1994; Ulevitch and Tobias 1995; Cario et al. 2000) . In addition, up-regulation of cystatin C in CSE-exposed cells was also detected. The correlation of cystatin C expression with the smoking status and emphysema degree in patients is documented (Rokadia and Agarwal 2012) . In parallel to enhanced cytokine levels we have also found increased activity of NFjB p65 in our model cells. Other authors have also shown that cytokine release from A549 cells under the stimulation with bacterial irritants is dependent on NFjB (Sachse et al. 2006) . Transcriptional factor NFjB is a well recognized mediator of inflammatory processes in laboratory animals, patients and in vitro studies (Baeza-Squiban et al. 1999; Griesenbach et al. 2000; Aldonyte et al. 2004 Aldonyte et al. , 2008 . Studies targeting NFjB for treatment purposes are ongoing (Griesenbach et al. 2000; Aikawa et al. 2002) . As our data suggest, MCSsecreted products might be considered as one of the treatment options protecting epithelial cells from injuries.
In conclusion, we report that mild decellularisation of small tissue fragments preserves native structures and provides a functional lung matrix for cell repopulation. Cells might be conveniently cultured for the prolonged periods of time and subjected to the influence of various noxious and/or pro-regenerative agents. Furthermore, we show that MSC-secreted products may influence reactivity of pulmonary epithelium towards bacterial LPS and cigarette smoke. We believe that native matrix model proposed in this study represents a much-needed, relevant and convenient platform to study physiologic and pathologic processes within the alveolar compartment of the human lung.
